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Abstract The glutathione S-transferases (GST) are a supergene 
family of phase II detoxification enzymes which catalyse the S- 
conjugation between glutathione and an electrophilic substrate. 
The active site can be divided into two adjacent functional 
regions, a highly specific G-site for binding the physiological 
substrate glutathione and a nonspecific H-site for binding 
nonpolar electrophilic substrates. Equilibrium and kinetic 
unfolding experiments employing tryptophan fluorescence and 
enzyme activity measurements were preformed to study the effect 
of ligand binding to the G-site on the unfolding and stability of 
the porcine class pi glutathione S-transferase against urea. The 
presence of glutathione caused a shift in the equilibrium- 
unfolding curves towards lower urea concentrations and en- 
hanced the first-order rate constant for unfolding suggesting a 
destabilisation of the pGSTPI-1 structure against urea. The 
presence of either gintathione sulphonate or S-hexylglutathione, 
however, produced the opposite ffect in that their binding to the 
G-site appeared to exert a stabilising effect against urea. The 
binding of these glutathione analogues also reduced significantly 
the degree of cooperativity of unfolding indicating a possible 
change in the protein's unfolding pathway. 
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1. Introduction 
Glutathione S-transferases (GSTs; EC 2.5.1.18) are a family 
of intracellular proteins that participate in the phase II metab- 
olism of electrophiles and in ligand transport [1,2]. GSTs rea- 
lize their catalytic function by catalysing the nucleophilic ad- 
dition of the thiol group of glutathione to an electrophilic 
centre in a variety of nonpolar potentially toxic compounds, 
thus, facilitating their excretion from the cell. Cytosolic GSTs 
are dimers (Mr '~ 50 000) and can be grouped into five distinct 
gene classes, alpha, mu, pi, theta and sigma, according to their 
structural and catalytic properties [3-5]. The first three-dimen- 
sional structure solved for the family of cytosolic GSTs was 
that for the porcine class pi enzyme (pGSTPI-1) [6,7], and has 
turned out to be the structural archetype for the family [8]. 
pGSTPI-1 is homodimeric with two structural domains per 
subunit and a catalytically independent active site on each 
subunit. The active site consists of two adjacent regions: the 
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polar G-site which is highly specific for the tripeptide glu- 
tathione, and a hydrophobic H-site which can bind a range 
of structurally diverse nonpolar electrophiles. The active site 
cleft is located primarily on domain I but a fully functional 
active site also requires tructural elements from domain II of 
the neighbouring subunit [6,7,9]. The recognition and binding 
of glutathione at the G-site is highly specific involving good 
surface complementarity and an extensive network of polar 
interactions between moieties of the extended tripeptide and 
the protein (Fig. 1). Numerous ite-directed mutagenesis stud- 
ies have confirmed most of the polar interactions implicated 
by the various crystal structures for class pi and other gene 
class enzymes [9-15]. The general conformation of bound glu- 
tathione as well as the strategic interactions between it and the 
protein are similar to those observed at the G-sites of other 
gene classes. Data from chemical modification and structural 
studies with class pi enzymes uggest a small glutathione-in- 
duced conformational change near the G-site (see [8,16] and 
references therein). The conformational flexibility of this re- 
gion is, however, restricted by a conserved hydrophobic lock- 
and-key interaction located at the subunit interface of class pi/ 
alpha/mu/S, japonicum enzymes [6,7,17-20]. Crystallographic 
data for class alpha [18] and Schistosoma j ponicum enzymes 
[19,20] reveal that no significant conformational changes oc- 
cur upon glutathione binding, pGSTPI-1 displays a two-state 
unfolding/refolding process which is highly populated with 
folded dimer and unfolded monomer at equilibrium [21,22]. 
Stable intermediates are not detected. Therefore, changes in 
the solvent-accessible surface area appears to be the major 
structural determinant for its cooperativity (i.e. m-value) of 
unfolding/refolding (see [23]). Oxidation but not alkylation of 
the highly reactive and conserved Cys45/47 in class pi glu- 
tathione S-transferases i  markedly reduces enzyme stability 
[32]. To investigate further the conformational dynamics of 
the cytosolic glutathione S-transferases, we performed equilib- 
rium and kinetics unfolding experiments o study the effect of 
ligand binding to the G-site on the unfolding and stability of 
pGSTP 1-1. 
2. Materials and methods 
2.1. Materials 
pGSTPI-1 was purified from porcine lung [16]. Urea (Aristar) was 
purchased from BDH. 1,4-Dithiothreitol and reduced glutathione 
were purchased from Boehringer Mannheim, glutathione sulphonate 
was obtained from Sigma, and 1-chloro-2,4-dinitrobenzeue was from 
Merck. S-hexylglutathione was prepared according to the method of 
Vince et al. [24] and washed with ethanol. All other chemicals were of 
analytical grade quality. 
2.2. Enzyme activity measurements 
Catalytic activity and reactivation of pGSTPI-1 were measured as 
described previously [22]. 
0014-5793196/$12.00 © 1996 Federation of European Biochemical Societies. All rights reserved. 
P l lS0014-5793(96)00768-5  
314 
2.3. Fluorescence methods 
All fluorescence measurements were performed at room tempera- 
ture using a Hitachi model 850 Fluorescence Spectrophotometer. The 
excitation bandwidth was set to 5 nm and the emission bandwidth to 
10 nm. Samples were irradiated at 295 nm to selectively excite tryp- 
tophan residues and the emission monitored at 335 nm and 350 nm. 
2.4. Unfolding/refolding studies 
Equilibrium unfolding and reversibility studies as well as the anal- 
ysis of the unfolding data were performed as described elsewhere [22]. 
pGSTPI-1 (1 gM) was equilibrated in the absence or presence of 
ligand (glutathione, glutathione sulphonate or S-hexylglutathione) in 
0-8 M urea in 20 mM sodium-phosphate buffer, pH 6.5, containing 
0.1 M NaC1, 1 mM EDTA, 0.02% NaN3 at 23°C. All tryptophan 
fluorescence and enzyme activity measurements were performed after 
equilibrium was attained. 
Unfolding kinetic studies were performed at 18°C by mixing 200 Ixl 
pGSTPI-1 with or without ligand in phosphate buffer with 800 Ixl of 
10 M urea to yield a desired final concentration f ligand and 1 IxM 
pGSTPI-1. The appearance of the unfolded enzyme form was mon- 
itored with time by measuring the increase in fluorescence intensity at 
350 nm. Since dissociation and unfolding of oligomeric proteins are 
unimolecular p ocesses, first-order kinetics data were obtained from 
the unfolding progress curves by plotting log Fmaxl(Fmax-Fobs) against 
time; where Fob~ represents he fluorescence intensity at a particular 
time and Fm~x the maximal f uorescence signal reached. Values for the 
first-order rate constants (in arbitrary fluorescence units per second) 
were obtained from the slope of the linear plots. All data were aver- 
aged over three experiments. 
3. Results 
3.1. Fluorescence properties of pGSTPI-1 and reversibility of 
unfolding 
The binding of glutathione or its S-analogues quenches 
about 20% of the protein's tryptophan fluorescence without 
shifting the maximum emission wavelength indicating that the 
polarity of the tryptophan microenvironment does not 
change. The quenching effect is most likely a consequence of
the direct interaction between bound glutathione and the in- 
dole fluorophore of Trp 3s located at the G-site [7]. Unfolding 
of pGSTPI-1 in the absence or presence of ligand results in a 
red shift in the emission maximum from 335 nm to 350 nm 
accompanied by a 3-fold increase in the fluorescence intensity. 
Refolded pGSTPI-1 (following a 10-fold dilution in non-de- 
naturing buffer) shows a native-like tryptophan fluorescence 
spectrum in the presence of ligands and at least 85% of func- 
tional pGSTPI-1 is recovered. 
3.2. Equilibrium studies 
Monophasic unfolding transition curves for pGSTPI-1 in 
the presence of glutathione, glutathione sulphonate or S- 
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Fig. 1. Binding of glutathione at the G-site of pGSTPI-I. The 
hatched lines indicate hydrogen bonding interactions [7,8,31]. 
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Fig. 2. Influence of glutathione, glutathione sulphonate and S-hexyl- 
glutathione on the equilibrium unfolding of pGSTPI-1. Fraction of 
unfolded protein determined from (A) fluorescence data and (B) en- 
zyme activity data. (O) without ligands; (~z) with 1 mM GSH; (v )  
with 5 mM GSH; (11) with 0.5 mM S-hexGSH; (D) with 0.5 mM 
glutathione sulphonate. 
hexylglutathione are shown in Fig. 2. The data obtained 
from fluorescence (Fig. 2A) and activity measurements (Fig. 
2B) are essentially coincident. At a saturating concentration of
5 mM glutathione (Kd of 120 ~tM [25]), the transition mid- 
point of pGSTPI-1 is shifted from 4.6 M to 4.1 M urea, 
whereas saturating concentrations of S-hexylglutathione (Kd 
of 2 I.tM [16]) and glutathione sulphonate (Kd of 4 ~tM [16]) 
shift the transition midpoint o higher urea concentrations of
5.4 M and 6 M, respectively. The slope of the unfolding tran- 
sition is not changed dramatically in the presence of glu- 
tathione. The dependence of a protein's free energy of unfold- 
ing upon urea concentration (which is also known as the 
m-value [23,26]) can be determined from the data in the un- 
folding transition (see [22]). The m-values for pGSTPI-1 with- 
out and with 1 mM and 5 mM glutathione are 4.5, 4.4 and 3.8 
kcal/mol per M urea, respectively. However, the enzyme's m- 
value is lowered significantly from 4.5 kcal/mol per M urea to 
1.1 and 1.4 kcal/mol per M urea in the presence of glutathione 
sulphonate and S-hexylglutathione, r spectively. Assuming a 
two-state equilibrium unfolding/refolding process in the ab- 
sence [21,22] and presence of glutathione, conformational sta- 
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Fig. 3. Dependence of fluorescence intensity ratio of pGSTPI-1 in 
4.4 M urea upon the concentration f (• )  glutathione, (ll) S-hexyl- 
glutathione, and ([3) glutathione sulphonate. F350 and F335 are the 
fluorescence intensities at 350 nrn (unfolded protein) and 335 nm 
(folded protein), respectively. 
bilities, AG(H20), of 21 kcal/mol, 20 kcal/mol and 16 kcal/ 
mol were determined from the unfolding data in Fig. 2 for 
pGSTPI-1 without and with 1 mM and 5 mM glutathione, 
respectively. Free energy difference values for pGSTPI-1 in 
the presence of the glutathione analogues were not determined 
in light of the large lowering of the m-value suggesting that a 
two-state model is no longer valid [26,27]. Changes in a pro- 
tein's m-value arise from changes in its cooperativity of un- 
folding reflecting a protein's changed responsiveness to dena- 
turant. 
The dependence of the ratio of unfolded to folded pGSTP1- 
1 in 4A M urea (i.e. urea concentration ear midpoint of 
pGSTPI-1 without ligand) upon the concentration of glu- 
tathione and its analogues, is shown in Fig. 3. Fluorescence 
ratio values (intensity at 350 nm for unfolded protein to in- 
tensity at 335 nm for folded protein) of about 0.8 and 1.43 
represent fully folded and unfolded pGSTPI-1, respectively. 
Increasing the concentration of reduced glutathione to 3 mM 
causes a gradual increase in unfolded pGSTPI-1 followed by 
a greater increase in the fraction of unfolded protein at higher 
concentrations, pGSTPI-1 in 4.4 M urea becomes fully un- 
folded at glutathione concentrations of 10 mM or greater. The 
glutathione analogues exerted the opposite effect of glu- 
tathione in that both glutathione sulphonate and S-hexylglu- 
tathione up to a concentration of about 1 mM increased 
markedly the fraction of folded protein (i.e. pGSTPI-1 in 
4.4 M urea is fully folded at 1 mM ligand). At concentrations 
greater than 1 mM, S-hexylglutathione does not exert any 
further effect on the protein whereas glutathione sulphonate 
begins to increase the fraction of unfolded protein to fully 
unfolded at 10 mM. 
3.3. Kinetic studies 
Linear plots of log Fm~xl(Fm~x-Fobs) against ime were ob- 
tained for the fluorescence unfolding progress curves indicat- 
ing first-order kinetics (data not shown). The dependence of 
the unfolding first-order rate constant for pGSTPI-1 in 8 M 
urea upon the concentration of glutathione, glutathione sul- 
phonate and S-hexylglutathione is shown in Fig. 4. The ki- 
netics data correlates well with the equilibrium data described 
above in that the presence of glutathione has a destabilising 
effect on folded pGSTPI-1 and increases the rate of unfolding 
(Fig. 4A) whereas the two glutathione analogues tabilise 
folded pGSTPI-1 and decrease the rates of unfolding (Fig. 
4B). Kinetics data for glutathione sulphonate beyond 0.1 
mM are not included because of the lack of linearity of the 
log Fmax/(Fmax-Fobs) against ime plots indicating a deviation 
from first-order unfolding kinetics. 
4.  D iscuss ion  
Glutathione S-transferases bind the physiological tripeptide 
thiol glutathione (present up to 10 mM in cells) and its S-  
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Fig. 4. Dependence of the first-order unfolding rate constant of 
pGSTPI-1 in 8 M urea upon the concentration of (• )  glutathione, 
(11) S-hexylglutathione, and ([]) glutathione sulphonate. 
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analogues in a highly specific manner at the polar G-site (for 
reviews, see [8,31]). The effects of G-site ligand binding on the 
conformational dynamics of these enzymes were investigated 
by equilibrium unfolding and first-order unfolding kinetics 
studies with pGSTPI-1. The data presented in this study in- 
dicate a glutathione-induced destabilisation a d a glutathione 
analogue-stabilisation of the pGSTPI-1 conformation against 
urea. Reasons for the destabilising effect of glutathione sul- 
phonate observed at high concentrations are not known at 
present but could be due to it stabilising unfolded states 
through nonspecific interactions via its negatively charged sul- 
phonate. The magnitude of m-values have been shown for a 
number of proteins to correlate well with protein size [23], and 
changes in m-values indicate changes in the cooperativity of 
unfolding/refolding [26]. According to the m-value data re- 
ported in this study, the binding of glutathione appears not 
to affect significantly the way the protein responds to urea- 
induced unfolding, whereas its sulphonate and S-hexyl ana- 
logues seem to alter significantly the protein's unfolding path- 
way. Uncomplexed pGSTPI-1 exists in either a completely 
folded or unfolded state at equilibrium [21,22] and its experi- 
mentally determined m-value (4.5 kcaYmol per M) compares 
very well with the expected value of 4.51 kcal/mol per M 
calculated according to [23]. This indicates that the amount 
of pGSTPI-1 surface area exposed to solvent upon unfolding 
is the major structural determinant for its m-value. It is pos- 
sible that, during unfolding in the presence of the glutathione 
analogues, certain intermediate conformational states of 
pGSTPI-1 become stabilised thus giving rise to a multi-state 
unfolding process and, therefore, a lowered m-value 
[23,26,27]. 
The structural basis for the effects observed may not just be 
steric but may also involve the activation of the thiol group of 
reduced glutathione at the G-site. Glutathione and its S-ana- 
logues are sequestered at the G-site via a conserved hydrogen- 
bonding network (see Fig. 1). The hydrogen bonding between 
the 7-glutamyl moiety of glutathione on one subunit and the 
side chain of Asp96 from the neighbouring subunit (a topo- 
logically conserved feature at the subunit interface of class 
alpha/mu/pi/sigrna/Sj structures) could have a stabilising effect 
at the dimer interface. For S-hexylglutathione (a product ana- 
logue; Kd = 2 ~tM), nonspecific apolar contacts with the hexyl 
moiety at the adjacent H-site provide additional binding en- 
ergy resulting in tighter binding. The stabilised anionic side 
chain of glutathione sulphonate (which mimics the thiolate 
form of glutathione; Kd = 4 ~tM) interacts more tightly with 
Tyr 7 than does the thiol moiety of reduced glutathione 
(Kd = 200 ~tM) (see also [28,29]). The interaction with Tyr 7 
is not essential for the binding of glutathione but it is essential 
for catalysis [4,9-12]. Its hydroxyl group appears to act as a 
hydrogen bond donor to promote glutathione thiolate forma- 
tion by decreasing the pKa of the tripeptide's thiol group [7]. 
Therefore, a possible xplanation for the observed estabilis- 
ing effect glutathione xerts on the conformation of pGSTP1- 
1 when compared with glutathione sulphonate, is that some 
binding energy is lost to stabilisation against urea as a result 
of it being required for the activation of the thiol group of 
glutathione. 
Ligand-induced stabilisation/destabilisation effects could 
impact significantly on protein turnover in vivo since unfolded 
proteins are highly susceptible to proteolytic degradation [30]. 
The effects observed here may have an important role in de- 
termining the life times of glutathione S-transferases in vivo. 
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